Synaptic strength is dynamic and changes on the basis of specific input patterns and past history, in a process known as synaptic plasticity. Long-term plasticity lasting hours to days is thought to underlie processes of learning and memory, whereas short-term plasticity in the range of milliseconds to minutes is important for neurons to perform computational tasks, produce appropriate output in response to acute changes in activity, and initiate the changes necessary for long-term plasticity [1] [2] [3] . Although the rules governing short-term plasticity are not understood, a general trend is emerging: the direction of short-term plasticity (depression or facilitation) correlates with the initial efficacy with which synapses transduce action potentials into neurotransmitter release 4 . Synapses with a high release probability are more likely to show depression, consistent with a depletion of vesicles from the readily releasable pool 5, 6 or an activity-dependent inhibition of the release machinery 7 . Synapses with an initially low release probability do not exhaust their releasable pool of vesicles in response to the first action potential, so a lingering effect of the first stimulation (most likely residual calcium) can potentiate the response to subsequent stimuli 8 . It thus remains unclear whether short-term plasticity simply reflects basal synaptic strength or whether it can be regulated by an independent mechanism.
Synaptic strength is dynamic and changes on the basis of specific input patterns and past history, in a process known as synaptic plasticity. Long-term plasticity lasting hours to days is thought to underlie processes of learning and memory, whereas short-term plasticity in the range of milliseconds to minutes is important for neurons to perform computational tasks, produce appropriate output in response to acute changes in activity, and initiate the changes necessary for long-term plasticity [1] [2] [3] . Although the rules governing short-term plasticity are not understood, a general trend is emerging: the direction of short-term plasticity (depression or facilitation) correlates with the initial efficacy with which synapses transduce action potentials into neurotransmitter release 4 . Synapses with a high release probability are more likely to show depression, consistent with a depletion of vesicles from the readily releasable pool 5, 6 or an activity-dependent inhibition of the release machinery 7 . Synapses with an initially low release probability do not exhaust their releasable pool of vesicles in response to the first action potential, so a lingering effect of the first stimulation (most likely residual calcium) can potentiate the response to subsequent stimuli 8 . It thus remains unclear whether short-term plasticity simply reflects basal synaptic strength or whether it can be regulated by an independent mechanism.
Several models have been proposed to account for short-term facilitation, including summation of residual calcium with repetitive stimulation 9, 10 and local saturation of calcium buffers 11, 12 . It has also been suggested that an additional calcium binding site(s) acts cooperatively with the main release sensor, although this site has not yet been identified 13 . Presynaptic calcium thus has a critical role as mediator of short-term plasticity, but its precise function and the identity of its downstream target(s) remain elusive 4, 8, 14 .
Manipulations that affect short-term plasticity frequently alter calcium signaling and thereby affect basal transmitter release as well. It has therefore been difficult to determine whether short-term plasticity and basal transmitter release depend on common or distinct calcium signaling pathways. NCS-1, the mammalian homolog of the Drosphila protein frequenin 15 , has key features for linking residual calcium in the presynaptic terminal to changes in short-term plasticity. It is a 22-kDa cytoplasmic, neuron-specific protein that binds calcium in the submicromolar range via EF-hands 16 . Overexpression of the protein at the Drosophila melanogaster 15 or Xenopus laevis 17 neuromuscular junction caused a large facilitation of synaptic transmission. In both PC12 cells and chromaffin cells, NCS-1 enhances release in response to ATP, but not in response to direct depolarization. NCS-1 has been shown to regulate P/Q-type calcium currents at the calyx of Held 18 , but thus far, it has remained untested whether NCS-1 has a direct, specific effect on neurotransmitter release in the mammalian CNS.
We tested the effects of NCS-1 on synaptic transmission and short-term plasticity in hippocampal neurons. Consistent with previous reports, cultured hippocampal neurons showed paired-pulse depression, in contrast to the paired-pulse facilitation observed in vivo and in acute slices. We now report that transfection of NCS-1 into cultured hippocampal neurons switches the direction of short-term plasticity from depression to facilitation. This switch occurs without a change in basal release characteristics and without alterations of calcium currents 18 . Lowering extracellular calcium alleviates the depression in control neurons and increases the facilitation in NCS-1 transfected neurons, suggesting that NCS-1 specifically enhances facilitation rather than decreasing depression. Our results identify NCS-1 as a calcium sensor for short-term plasticity in the mammalian nervous system and demonstrate that independent mechanisms exist for setting basal release levels and short-term plasticity characteristics.
RESULTS

NCS-1 changes paired-pulse plasticity
We transfected dissociated hippocampal neurons cultured at low density with a plasmid encoding both NCS-1 and GFP (pNCS1-IRES-GFP; see Methods). Pairs of synaptically connected neurons were voltage-clamped at -70 mV, an escape action potential was elicited in one of them by depolarizing it briefly (<1 ms) to +20 or +50 mV, and the resulting excitatory postsynaptic current (EPSC) was measured in the other neuron (Fig. 1a,b) . Many transfected/nontransfected neuron pairs had reciprocal connections, such that excitatory postsynaptic currents (EPSCs) could be recorded from both cells during the same experiment, giving an extremely useful internal control for potential homeostatic changes (Fig. 1b) . In addition, we were able to distinguish pre-and postsynaptic effects of transfection in the same cell pair. Here we will refer to those recordings in which the stimulated (i.e., presynaptic) neuron did not express the transfected construct as 'control synapses' and those in which the stimulated neuron was transfected as 'NCS-1 synapses' . NCS-1 synapses were identified by a green fluorescent protein (GFP)-positive phenotype. In agreement with previous reports [19] [20] [21] , we observed robust pairedpulse depression (PPD) at control synapses (Fig. 1b,c) . NCS-1 transfected synapses, however, showed strong and consistent paired-pulse facilitation (PPF) (Fig. 1b,d ). This switch from depression to facilitation was evident over the entire time course of the recording, and although considerable trial-to-trial variability was evident, depression was reliably observed for control synapses and facilitation for NCS-1 synapses (Fig. 1c,d ). Occasional autaptic connections (Fig. 1b,  asterisks) showed plasticity congruent with their origin (presynaptic phenotype), providing yet another internal control for the specificity of the NCS-1 effect.
The vesicle-depletion model of PPD predicts that depression from trial to trial should correlate with the magnitude of the first response. However, when plotting the amplitude of the second response against the amplitude of the first response, we found no correlation between the two amplitudes for control synapses ( Fig. 1e , circles; slope, -0.01 ± 0.05; range, -0.196 to 0.238; r 2 = 0.02 ± 0.02; range, 0 to 0.06, n = 9) or NCS-1 transfected synapses (Fig. 1e , triangles; slope = 0.193 ± 0.05; range, -0.008 to 0.377; r 2 = 0.07 ± 0.03; range, 0 to 0.28, n = 8) 7 . This suggests that depression is not simply due to vesicle depletion. In addition, the average paired pulse ratio (PPR), measured as the ratio EPSC2/EPSC1, did not correlate with the initial amplitude, but it did strongly correlate with NCS-1 expression: depression for control synapses (PPR < 1) and facilitation for NCS-1 transfected synapses (PPR > 1; Fig. 1f ). This indicates that the facilitation conferred by NCS-1 expression is seen in both strongly and weakly coupled cell pairs.
We next studied the time course of short-term plasticity by varying the interstimulus interval (ISI). In control cells, depression was strongest at short intervals, showed partial recovery at 200 ms ISI and near-full recovery at 500 ms (Fig. 2b , open circles; PPR 50ms , 0.56 ± 0.09; PPR 100ms , 0.59 ± 0.04; PPR 200ms , 0.79 ± 0.06; PPR 500ms , 0.91 ± 0.09). A control plasmid coding only for GFP and lacking NCS-1 did not alter synaptic transmission (PPR 50ms , 0.64 ± 0.09, n = 6, P > 0.1, data not shown). At NCS-1 transfected synapses, on the other hand, we observed PPF at ISIs up to 200 ms (Fig. 2a,b) . Facilitation was greatest at the shortest interval (Fig. 2b, filled acting regulator of short-term plasticity (Fig. 2b) . The observed effects of NCS-1 on short-term plasticity could result from either a reduction in PPD or an enhancement of PPF. To address this issue, we carried out experiments in low extracellular calcium (1.0 mM). This relieved depression and allowed for slight facilitation in non-transfected cells (Fig. 2c, open To confirm that the effect of NCS-1 depends on its ability to bind calcium, we expressed a mutant form of NCS-1 with a single amino acid change at position 120 (E120Q) in one of the three functional calcium-binding EF-domains 22 . E120Q had a much reduced activity compared to wildtype NCS-1 (PPR 50ms , 0.97 ± 0.10; PPR 100ms , 0.87 ± 0.11; n = 8, P < 0.05; data not shown). The residual activity of E120Q indicates that the mutant protein still folds correctly and that alterations to one of its calcium binding properties sites reduces, but does not eliminate 23 , calcium binding activity.
In neuroendocrine cells, NCS-1 interacts with phosphatidylinositol-4-kinase (PI4K) as its downstream target, and this interaction depends on the myristoylated amino-terminus of NCS-1 (ref. 23 ). To test whether myristoylation, and thus PI4K activation, is necessary for NCS-1 activity in neurons, we transfected hippocampal cultures with a point mutant of NCS-1 that cannot be myristoylated. This mutant was able to switch depression to facilitation and was in fact indistinguishable from wild-type NCS-1 in its effect on short-term facilitation (PPR 50ms , 1.21 ± 0.15; PPR 100ms , 1.16 ± 0.08; n = 8, P > 0.1). We conclude that in neurons, NCS-1 does not need to activate PI4K, but rather acts directly as a calcium sensor for short-term facilitation through calciumdependent interactions with other proteins 24 .
As short-term facilitation often inversely correlates with initial release probability, it was important to determine whether the amplitude of the first response was affected by NCS-1. In the group data ( Fig. 1f) and across experiments (Fig. 2d) , transfection of neurons with NCS-1 did not change the amplitude of the synaptic response ( Fig. 2d; control, 187 ± 44 pA, n = 10; NCS-1, 193 ± 52 pA, n = 10; E120Q, 185 ± 66 pA, n = 8). Thus, baseline neurotransmitter release was not affected in NCS-1 transfected neurons, indicating that basal synaptic strength and short-term plasticity can be independently regulated (see below).
Immunocytochemical labeling of transfected hippocampal neurons with an antibody 25 against NCS-1 confirmed that GFP-expressing neurons had higher levels of NCS-1 than non-transfected control neurons in the same dish (Fig. 3a-c) . In fact, non-transfected cultured hippocampal neurons showed only background levels of NCS-1 at amounts comparable to those found in glial cells (Fig. 3c) . Given that NCS-1 is highly expressed in hippocampal neurons in vivo 25 , it may be that in culture, these neurons downregulate NCS-1 levels, although it is difficult to compare in vivo and in vitro levels of proteins. However, NCS-1 was markedly downregulated in neurons that were subjected to the calcium-phosphate transfection protocol compared to non-treated 'naive' neurons (Fig. 3d,e) . Thus, we compared paired-pulse plasticity in naive neurons (Fig. 3d,f , hatched bars) with plasticity in neurons that had been treated with calcium phosphate but not transfected with any construct (Fig. 3e,f, open bars) . Consistent with our findings that increased NCS-1 enhances facilitation, neurons with decreased levels of NCS-1 showed less facilitation, manifested as increased depression, as compared to control (Fig. 3d) .
NCS-1 facilitates transmission during high-frequency trains
To test the robustness of NCS-1-induced enhancement of neurotransmitter release, we expanded the pairs of pulses to trains of ten stimuli with varying frequencies (20, 33 , 50 Hz), followed by a test stimulus 200 ms after the train. In control neurons, at all frequencies tested, depression quickly saturated after the second or third stimulus at ∼50% of baseline (Fig. 4a,b) . Depression did not fully recover during the 200 ms before the test pulse, indicating that releasable vesicles cannot be easily made available during this time interval 5 .
In contrast, at NCS-1-transfected synapses, facilitation evident after the second stimulus was maintained throughout the train (Fig. 4a,c-e) . At higher stimulation frequencies (20 and 30 ms ISI), maximal facilitation of approximately 3× the initial response was reached after the second stimulus (266 ± 64% at 20 ms ISI, Fig. 3c ; 324 ± 74% at 30 ms ISI, Fig. 4d ), but at lower frequencies (50 ms ISI), peak facilitation was not reached until the fourth or fifth stimulus (297 ± 77%; Fig. 4d ). The decrement after the peak response shows that NCS-1 allows for facilitation on top of slow depression. This is consistent with our interpretation that NCS-1 acts primarily on facilitation rather than on depression. At 20 and 30 ms ISI, facilitation decreased after the fourth stimulus, but the test stimulus at 200 ms showed a surprisingly strong rebound (Fig. 4c,d) . The persistence of facilitation during stimulus trains illustrates the ability of NCS-1 to enhance and sustain neurotransmitter release, especially at high frequencies. To test whether asynchronous release was enhanced after NCS-1 transfection, we measured the integral of the current after the last stimulus of the train and before the test pulse 26 . Consistent with a higher rate of release, the integrated charge, and thus asynchronous release, was significantly enhanced after NCS-1 transfection ( Fig. 4b; control, 1.04 ± 0.28 pC, n = 7; NCS-1, 3.28 ± 0.79 pC, n = 6; P < 0.05).
NCS-1 does not alter calcium currents
NCS-1 has been reported to enhance calcium influx at the calyx of Held 18 , whereas in PC12 and chromaffin cells, NCS-1 inhibits calcium channels 27 . We thus tested whether NCS-1 alters the amplitude and/or activation kinetics of non-L-type calcium channels known to mediate neurotransmitter release in hippocampal neurons 28 . The calcium currents in transfected versus non-transfected cells were indistinguishable at all voltages tested (Fig. 5a) , resulting in overlapping current-voltage (I-V) curves (Fig. 5b) . No difference in calciumchannel activation kinetics was observed (Fig. 5c) . Similarly, pairedpulse stimulation induced considerable depression of the calcium current amplitude with no change in activation kinetics in control or NCS-1 transfected neurons (Fig. 5d) . The depression in calcium currents might explain some of the synaptic PPD observed at control synapses, but it is incongruent with the synaptic facilitation observed in NCS-1 transfected neurons. We conclude that in hippocampal neurons, NCS-1 does not exert its effect through altered calcium currents.
NCS-1 does not change basal release probability
In many systems, paired-pulse plasticity strongly correlates with release probability 4 , thus NCS-1 could be lowering release probability, allowing for the switch from depression to facilitation. We measured release probability using the non-competitive NMDA-receptor antagonist MK-801. MK-801 irreversibly blocks NMDA channels only when they are open 29 , so that the rate of block during low frequency stimulation is proportional to the release probability 30, 31 . NMDA receptor-mediated EPSCs showed no difference in amplitude between transfected and non-transfected cells ( Fig. 6a, inset; control, 139 ± 25, n = 6; NCS-1, 145 ± 28, n = 7, P > 0. 8) . Surprisingly, the rate of block between control neurons and NCS-1-transfected neurons was identical, indicating that basal release probability was not changed by NCS-1 ( Fig. 6a ; n = 7 for both groups; P = 0.62 for pulses 1-20; F 1,19 = 0.241, two-way ANOVA).
To ensure that our methods could detect changes in release probability, we lowered release probability by lowering the extracellular calcium concentration from 2 mM to 1 mM. This markedly reduced the amplitude of the EPSC (1 mM Ca 2+ , 68.6 ± 28 pA, n = 8; 2 mM Ca 2+ , 187 ± 44 pA; n = 10; P < 0.05) and, consistent with a lower release probability, PPD was converted to a slight potentiation ( Fig. 6b, inset ; PPR in 1 mM Ca 2+ , 1.14 ± 0.07; PPR in 2 mM Ca 2+ , 0.56 ± 0.09). As expected, MK801 block was significantly slower in low Ca 2+ ( Fig. 6b ; n = 7 for both groups; P < 0.001 for pulses 1-20; F 1,19 = 309.1, two-way ANOVA). This demonstrates that our method was sensitive enough to detect changes in release probability of the magnitude needed to explain our data and supports the conclusion that NCS-1 does not alter basal release probability.
Although NCS-1 does not alter release probability during the first stimulus, it might selectively increase the probability of release during the second stimulus. To test this, we repeated the MK-801 experiments using pairs of stimuli (50 ms ISI). In contrast to the single-pulse experiments, the rate of MK-801 block was faster in NCS-1 transfected neurons than in control neurons ( Fig. 6c ; n = 5 for both groups; P < 0.001 for pulses 1-20; F 1,19 = 82.3, two-way ANOVA). Taken together, these results indicate that the paired-pulse facilitation we observed in NCS-1 neurons resulted from an increase in the probability of release during Averaged data from control (ć) and NCS-1-transfected neurons (̄) showed no difference in the rate of block (n = 7 for both groups; P = 0.62 for pulses 1-20; F 1,19 = 0.241, two-way ANOVA). Inset, average amplitudes of NMDA-mediated EPSCs show no significant difference in amplitude (P > 0.7, n = 5 transfected; n = 4 control). (b) Rate of MK-801 block is significantly slowed by reduction of external calcium from 2 mM (ć) to 1 mM (୵; n = 7 for both groups; P < 0.001 for pulses 1-20; F 1,19 = 309.1, two-way ANOVA). Inset, average first and second EPSC with a 50-ms ISI in control calcium (2 mM, first response: 174 ± 30 pA, second response: 82 ± 25, n = 10) and in low calcium (1 mM, first response: 75 ± 9 pA, second response: 86 ± 11, n = 8). (c) Rate of MK-801 block was tested using pairs of stimuli in both the control and transfected conditions. Cells were given a pair of stimuli (with a 50-ms ISI) every 30 s. Amplitudes shown are of the first EPSC of each stimulation pair normalized to the first amplitude after bath application of MK-801. The rate of block in the NCS-1-transfected neurons (filled squares) was significantly faster than in control (ć), indicating an increased release probability on the second stimulus (n = 5 for both groups; P < 0.001 for pulses 1-20; F 1,19 = 82.3, two-way ANOVA).
the second stimulus but not the first.
NCS-1 expression confers more reliable postsynaptic firing
Increased neurotransmitter output could allow postsynaptic neurons to reach threshold more consistently during repetitive stimulation. To test this prediction we recorded synaptic transmission between pairs of neurons in current clamp mode. In agreement with our voltage-clamp data (Figs. 2 and 3) , paired-pulse stimulation of control neurons (Fig. 7b) resulted in depression of the excitatory postsynaptic potential (EPSP). However, paired-pulse stimulation of transfected neurons (Fig. 7a) resulted in facilitation of the EPSP, which brought the postsynaptic neuron to threshold. When control neurons were stimulated with a train of stimuli, the EPSPs depressed in response to successive stimuli (Fig. 7c) . Stimulation of the NCS-1-transfected neuron with a train of the same frequency resulted in facilitation of the EPSP that consistently brought the postsynaptic cell to threshold (Fig. 7d) . Thus, NCS-1-induced presynaptic facilitation allows postsynaptic neurons to fire action potentials more readily in response to repetitive stimulation, increasing their activity within neuronal networks.
DISCUSSION
We have shown that dissociated hippocampal neurons can form synaptic connections with differing characteristics of short-term plasticity, depending on the expression levels of the calcium-binding protein NCS-1. Our results provide strong evidence that the molecular makeup of a synapse can allow neurons to acutely change their short-term plasticity characteristics. NCS-1 enhances neurotransmitter release during pairs of stimuli and stimulus trains, but it does not alter basal release probability. Thus, the magnitude and direction of short-term plasticity is not merely a result of establishing a synaptic connection but can be set independently of basal neurotransmitter output.
NCS-1 has previously been shown to be involved in different systems, but until now it has remained untested whether it has a distinct effect on synaptic transmitter release in the mammalian CNS. Our findings suggest that the function of NCS-1 on synaptic transmission in the hippocampus is quite different from its documented role in other systems. Unlike the findings at the calyx of Held and in chromaffin cells, we did not observe an alteration of calcium current characteristics (Fig. 5) . In chromaffin and PC-12 cells, NCS-1 has been shown to have a regulatory role on ATP-evoked, but not depolarization-triggered, release 32, 33 . At Drosophila neuromuscular junctions, overexpressing the NCS-1 homolog frequenin enhanced neurotransmitter release by eliciting 'large facilitated responses,' but this action is thought to be mediated through indirect mechanisms rather than directly through an effect on release 15, 34 . In contrast, our data show that NCS-1 directly affects neurotransmitter release, acting as a calcium sensor for short-term plasticity.
Several models have been proposed to account for short-term facilitation, most of which assume that facilitation depends on a buildup of 'residual' calcium that persists after previous stimulations 9 . Consistent with this interpretation, slow calcium buffers have been shown to affect short-term facilitation at many synapses (for review, see refs. 4, 14) . Experiments at the calyx of Held show that summation of residual calcium with the newly entering calcium can almost completely account for facilitation 10 . However, in many systems, residual calcium levels in the presynaptic terminal seem too low to have a substantial summating effect 14 and/or decay more rapidly than facilitation 13 . An alternate model that has recently been validated for a subset of synapses (but explicitly not the hippocampal CA3-CA1 synapse) proposes that saturation of local calcium buffers can enhance release and thus cause facilitation 12 . As NCS-1 binds calcium in the hundreds-of-nanomolar to low-micromolar range 35 , it could conceivably act as a calcium buffer altering calcium-dependent intracellular processes. However, if NCS-1 were promoting facilitation by acting as a fast, saturable buffer in promoting facilitation, it should be present at levels that affect basal transmission 36 , which is opposite to our findings (Figs. 2f and 4) . Moreover, lowering extracellular calcium would be expected to decrease buffer saturation and thus decrease facilitation 12 , which again is in contrast to our findings. Could NCS-1 instead act as a slow buffer to alter intracellular calcium signaling? Recordings done in hippocampal cultures in the presence of the slow membrane-permeable calcium buffer EGTA-AM show no effect of weakly buffering calcium on either EPSC amplitude or PPD, whereas higher buffer concentrations reportedly do affect basal transmission 26 . Furthermore, application of EGTA-AM to acute hippocampal slices blocked, rather than mediated, pairedpulse facilitation 12 . In summary, our experiments are inconsistent with a major role of NCS-1 as a calcium buffer. Therefore, we propose that NCS-1 primarily acts as a calcium sensor for shortterm plasticity.
Buffering of calcium by either slow or fast buffers does not account for all forms of facilitation. Thus, a third model proposes that distinct presynaptic calcium binding sites mediate facilitation and act in cooperation with the main release sensor 13, 37 , but the molecular identity of that sensor has remained elusive 4 . Our data , arrows) . Stimulation of the control neuron elicits EPSPs in the postsynaptic cell (c) that depress during successive stimuli. In this example, the third EPSP is followed by action potentials that probably are triggered by other neurons in the network. However, even with the help of this additional excitation, none of the experimentally triggered responses were able to depolarize the neuron above threshold. Stimulation of the NCS-1-transfected neuron facilitated EPSPs, which elicited a postsynaptic action potential for almost every stimulus (d).
now strongly suggest that NCS-1 acts as such a calcium sensor for short-term facilitation. In normal extracellular calcium, expression of NCS-1 switches synaptic plasticity from depression to facilitation, and reducing the ability of NCS-1 to bind calcium (E120Q mutant) reduces this effect. How can we distinguish between NCS-1 acting as a calcium sensor that alleviates depression versus one that enhances facilitation? Reducing extracellular calcium showed that even when depression is alleviated, NCS-1 further enhances facilitation (Fig. 2c) . Furthermore, in stimulus trains, NCS-1 allows for facilitation on top of slow depression and enhances desynchronized release (Fig. 4b,c) . Taken together, these data demonstrate that NCS-1 enhances facilitation, rather than alleviating depression, and support the idea that occupation of this protein's calcium binding sites is crucial for the expression of short-term facilitation.
In the present study, we show that altered expression levels of NCS-1 can strongly regulate release dynamics in individual neurons. Hippocampal neurons in vivo 4 show robust facilitation and relatively high levels of NCS-1 (ref. 25) . In contrast, transfected hippocampal neurons in culture show only limited expression of NCS-1 ( Fig. 1) and paired-pulse depression (Figs. 2-4,6,7) . This phenotype can be reverted by NCS-1 transfection (Figs. 1-4,6,7) . Likewise, differences in short-term plasticity in vivo may, in part, be caused by differing levels of NCS-1 expression. This interpretation is supported by the finding that hippocampal mossy fiber inputs onto CA3 pyramidal cells show stronger facilitation than seen in associative/commissural synapses 38 and have higher expression levels of NCS-1 (ref. 25) . Intriguingly, neurons can also dynamically change expression levels of NCS-1, as has been shown after LTP induction 39 and in patients with schizophrenia 40 . In view of the present data, we propose that neurons can alter their contribution to neuronal networks by dynamically controlling their short-term plasticity characteristics via differential and regulated expression of NCS-1.
METHODS
Primary cell cultures.
Rat hippocampal neurons were cultured as previously described 41 with slight modifications in accordance with the protocol approved by the UCLA Chancellor's Animal Research Committee. The hippocampal CA3-CA1 regions were dissected from postnatal day 0-2 Sprague Dawley rat brains in Hank's balanced salt solution (HBSS, Life Technologies) containing 20% fetal bovine serum (FBS, Hyclone). The tissue was digested for 5 min with 20 mg/ml of trypsin, then cells were freed by trituration and plated on Matrigel (Life Technologies) coated glass coverslips at a density of 15,000-30,000 cells/cm 2 inside an 8-mm diameter glass ring. Cells were grown in minimum essential medium (MEM, Life Technologies) supplemented with 0.5% glucose, 100 mg/l bovine transferrin (Calbiochem), 24 mg/l insulin, 2 mM GlutaMax-1 (Life Technologies) and 10% FBS (Hyclone) in 5% CO 2 atmosphere at 37 °C. Cells were fed after 1-2 days in vitro (d.i.v.) with supplemented MEM containing 5% FBS, 2% B-27 (Gibco) and 5 µM Cytosine arabinoside to inhibit glial proliferation. Unless otherwise stated, all chemicals were obtained from Fluka or Sigma.
Transfection. NCS-1 and the E120Q mutant were cloned into the BamHI/XhoI site of the bi-cistronic pIRES2 hrGFP 1A vector (Stratagene), and plasmid DNA was purified using an endotoxin-free maxi-prep kit (Qiagen). The bi-cistronic pIRES2 hrGFP 1A vector directs expression of NCS-1 or the E120Q mutant and GFP from an internal ribosomal entry site (IRES).
Neurons were transfected using calcium phosphate-mediated gene transfer 42 after cells were 7-8 d.i.v. We used 9 µg/ml of DNA and left the calcium/DNA precipitate to form in the dark at room temperature for 15 min. Neurons were exposed to the precipitate for 20-25 min in Opti-MEM (Gibco-BRL) in the presence of 10 µM CNQX. Coverslips were subsequently washed thoroughly with Opti-MEM and then returned to the original culture media until use. Transfection efficiency was typically between 5 and 10%, with no apparent toxicity to the cells.
For immunohistochemistry, cells were fixed with 4% paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100 in PBS, blocked with 2% goat serum in PBS and incubated overnight at 4 °C with primary antibodies (1:100 affinity-purified rabbit anti-NCS-1 (ref. 25) Membrane currents were low-pass filtered at 10 kHz and acquired at 50 kHz using a computer interface (6502E, National Instruments). Software was written in LabView (National Instruments, written by F.E.S. and Z. Zhou). Pairs of neurons were each voltage-clamped at -70 mV, close to the resting membrane potential (the holding current was <100 pA in all experiments). Series resistance of 10-25 MΩ was not compensated, and experiments were terminated if significant variation (>25%) occurred during the experiment. To measure synaptic transmission between pairs of voltage-clamped neurons, one neuron (presynaptic) was briefly depolarized (1 ms) to +50 mV to elicit an escape action potential. The response was recorded in the other (postsynaptic neuron) as an excitatory inward current. Most pairs had mono-synaptic connections in both directions, and frequently an autaptic response could also be seen in the presynaptic neuron. This allowed for internal controls in the very same recording (Figs. 1,2) . Single stimuli were delivered every 15-30 s with no obvious change in response amplitude during the recording (Fig. 1) .
For measurements of release probability (Fig. 5) using the non-competitive NMDA antagonist MK801, NMDA receptor-mediated currents were isolated by adding 5 µM CNQX disodium salt and 100 µM picrotoxin to, and removing magnesium from, the bath solution. Recordings were typically done 3-4 d after transfection.
Calcium currents were recorded from single neurons using a P/4 protocol implemented in JClamp (SciSoft). The internal solution contained 30 mM CsCl, 20 mM TEA Cl, 50 mM cesium methane sulfonate, 0.6 mM EGTA, 30 mM HEPES, 5 mM MgCl 2 , 5 mM Na 2 ATP, 10 mM sodium phosphocreatine, 0.3 mM NaGTP (pH 7.2, 295 mosm). To isolate calcium currents that underlie synaptic transmission in hippocampal neurons (N and P/Qtype) 28 , we included in the external solution 1 µM TTX to block sodium channels and 3 µM nimodipine to block L-type calcium channels. Voltages were corrected for series resistance errors, and analysis was done using JClamp software. Calcium current I-V curves were obtained by stepping the cell from the holding potential to a test potential for 100 ms every 5 s. The amplitude at the end of the voltage step was normalized for the cell membrane capacitance and plotted against the test potential. To determine effects of short-term plasticity on calcium currents, two 20-ms depolarizations to +10 mV were given with varying ISIs (10-80 ms).
For current clamp recordings (Fig. 6) , both neurons were kept at resting potentials of -75 to -80 mV by injecting a small bias current. Action potentials were triggered by injecting a depolarizing current for 5 ms.
Data were additionally analyzed and figures were made using Origin (Originlab). Data are expressed as mean ± s.e.m. and, unless otherwise indi-cated, the Student's t-test was used to determine significance (P < 0.05). n refers to the number of individual neuronal pairs tested.
